The radiative B → K * γ mode is caused by a penguin operator which is a quantum correction.
I Introduction
The large CP violation in B → J/ψK s decay mode predicted by the standard model with KM scheme has been verified by B factories at KEK and SLAC. The standard model predicts the CP asymmetries for B → J/ψK s and B → φK s to be equal to sin 2φ 1 . However recent experimental data from Belle showed that these asymmetries differ by nearly 3σ; the averaged sin 2φ 1 in B → J/ψK s system is sin 2φ 1 = (0.78 ± 0.08) [1] and in B → φK s decay mode is sin 2φ 1 = (−0.96 ± 0.50 +0.09 −0.11 ) [2] , BaBar's data shows sin 2φ 1 = (0.47 ± 0.34
+0.08
−0.06 ) [3] on the other hand. Experimental error is still large, so the situation is inconclusive, but if this result continues to hold, it implies existence of new physics beyond the standard model.
In this paper, we want to concentrate on B → K * γ decay mode. These decays are mainly caused by the b → sγ flavor-changing-neutral current process, so they may be useful in the search for new physics beyond the standard model. Furthermore, they have large branching ratios in spite of the loop processes, so the branching ratios and direct CP asymmetries are already measured and shown in Table 1 . CP Asymmetry is defined as
In general, theoretical predictions of the CP asymmetries depend less on hadronic parameters than these of branching ratios as many uncertainties cancel in the ratio. So comparing predictions about CP asymmetries within the standard model with experimental data may be effective way to search for new physics.
Belle [4] 4.01 ± 0.21 ± 0.17 4.25 ± 0.31 ± 0.24 −0.015 ± 0.044 ± 0.012
BaBar [5] 3.92 ± 0.20 ± 0.24 3.87 ± 0.28 ± 0.26 −0.013 ± 0.036 ± 0.010 Table 1 : The experimental data for branching ratio and direct CP asymmetry.
These decay modes have large branching ratio as we have mentioned above, so the experimental errors on the CP asymmetry have been getting small and is now down to several percent. Many authors have pointed out for some time, that the CP asymmetry in this mode is very small. We can easily understand why the asymmetry is so small. In order to generate CP asymmetry, at least two amplitude with non-vanishing relative weak and strong phases must interfere. This decay is mainly caused by O 7γ operator, and other contributions which interfere with this contribution are small and CKM Unitary triangle is crushed, making the CP asymmetry in this decay mode very small. However, if we were to look for new physics, we need to be able to give a quantitative estimate of the standard model contribution to the CP asymmetry. For this purpose, we include small contributions which interfere with O 7γ , including also the long-distance contributions; for example B → K * J/ψ → K * γ
[6] [7] .
Furthermore, the isospin breaking effect ∆ 0+ is also very interesting because it's size and sign are sensitive to the existence of physics beyond the standard model. 
In order to test the standard model, we need to know if the penguin contribution within the standard model can explain the experimental data [8] . Now it's experimental data are ∆ 0+ = +0.012 ± 0.044 ± 0.026
in Bell [4] and ∆ 0+ = +0.051 ± 0.044 ± 0.023 ± 0.024 in BaBar [5] . More precise data will become available in the near future, so the theoretical prediction of it's size and sign of this asymmetry should be pinned down.
In this paper, we calculate the branching ratio, direct CP asymmetry, and isospin breaking effects in B → K * γ decay mode, based on the standard model. First, we briefly review the concept of the pQCD in Sect.II, and in Sect.III we present the factorization formulas for the B → K * γ decay mode.
In Sect.IV, we mention about the long distance contributions like B → K * J/ψ → K * γ, and in Sect.V, we will show the numerical results and Sect.VI is our conclusion.
II Outline of pQCD
Theoretically, we can easily analyze the inclusive B meson decay like B → X s γ because we can estimate, for example the decay width by inserting the complete set for all possible intermediated states.
The experimental and theoretical branching ratio of B → X s γ are
Br(B → X s γ) th = (3.57 ± 0.30) × 10 −4
[10] Perturbative QCD is one of the theoretical instrument for handling the exclusive decay modes.
The concept of pQCD is the factorization between soft and hard dynamics. In order to physically understand the pQCD approach, we consider B meson decays into K * meson and γ at the rest frame of the B meson ( for the fast moving s quark and slow moving spectator quark to a K * meson and nothing else, the spectator quark must be kicked by the gluon to change the momentum. Since the invariant-mass square of this gluon is the order of O(ΛM B ), we can treat this decay process perturbatively.
An important feature of pQCD what we want to especially emphasize here is that we can calculate also annihilation type decay amplitude which can not be calculated in the Factorization Assumption.
This annihilation amplitude generates the large strong phase through the branch-cut (Fig.2) , and we can calculate the form factor by each decay process, so we can determine the relative strong phases between some decay amplitudes. The direct CP asymmetry is caused by interfering some amplitudes which have relative weak and strong phase, and it can be written in the form proportioning to sin (θ 1w − θ w2 ) sin (δ s1 − δ s2 ): in short, it depends on both weak and strong phases.
We can determine the strong phases by using pQCD approach, then we can extract the information about the weak phases and examine the Standard Model. More detail review for the pQCD approach is in Appendix A.
III Analysis of B → K * γ decay mode
The effective Hamiltonian induces flavor-changing b → sγ transition is given by [19] 
We define the B 0 meson and the K * 0 meson momentum P 1 and P 2 in the light-cone coordinates
within the B meson rest frame as
and photon and the K * meson transverse polarization vector as
The fractions of the momentum which have the spectator quarks in B 0 and K * 0 meson are
, so the momentums of these spectator quarks are expressed as follows.
The decay amplitude
can be decomposed into scalar and pseudo-scalar component as
We estimate the B → K * transition form factor by tracing of interacting vertexes. 
III.1 O 7γ contribution
At first, we consider the decay amplitude caused by O 7γ operator (Fig.3) . In this case, a photon is emitted through the O 7γ operator, and one hard gluon exchange is needed to form hadrons. If we define the common factor
and ξ i = V * ib V is /V * cb V cs , where C F is color factor. Then the decay amplitude M 7γ can be expressed as follows.
( 
Here K 0 , I 0 are modified Bessel functions which come from propagator integrations and
III.2 O 8g contribution
Similarly, we can calculate the O 8g contributions as follows. This time, a hard gluon is emitted through the O 8g operator and glued to the spectator quark line (Fig.4) . Then photon is emitted by bremsstrahlung of external quark lines so the chirality of such photon is not determined.
III.3 Loop contributions

III.3.1 Quark line photon emission
Next we want to mention about charm and up penguin contributions (Fig.5 ). The subtitle like "Quark line photon emission" means that photon is emitted through the external quark lines. We define the c and u loop function in order that the b → s vertex can be expressed assγ µ (1 − γ 5 )bI µν . It has the gauge invariant form [24] and the explicit formula is as follows
where k is the gluon momentum and m i is the loop internal quark mass.
Then the "Quark line photon emission" contributions can be expressed as follows. 
III.3.2 Loop line photon emission
Next we consider the "Loop line photon emission"; a photon is emitted through the c or u loop quark line. We sum up 
with
where q is photon momentum q = P 1 − P 2 and r is gluon momentum r = k 2 − k 1 [25] [26] [27] . Then the amplitudes can be expressed as follows. 
III.4 Annihilation contributions
Then we want to discuss about the annihilation contributions caused by
operator can be rewritten by using Fierz transformation as
and we define a 2 (t) = C 2 (t) + C 1 (t)/3, a 4 (t) = C 4 (t) + C 3 (t)/3, a 6 (t) = C 6 (t) + C 5 (t)/3. O 2 annihilation is tree process; no hard gluon is needed because it is four Fermi interaction process and does not include spectator quarks which should be line up to form hadrons. However, this contribution is small because it has (V − A) ⊗ (V − A) vertex; gets chiral suppression, and it's CKM factor is V * ub V us ;
O(λ 2 ) suppression compared to V * tb V ts and V * cb V cs . On the other hand, QCD penguin contributions O 5 and O 6 have (V − A) ⊗ (V + A) vertex and its' CKM factor are V * tb V ts , then its' contributions are comparatively large and get main origins for isospin breaking effects. 
IV Long distance contributions
Here we want to discuss the long distance contributions. In order to examine the standard model or search for new physics indirectly by comparing the experimental data with the values predicted within the standard model, we have to take into account these long distance effects; (Fig.8) . These contributions are caused by O 1 , O 2 operators, and the effective Hamiltonian describing these processes is
If we use the vector-meson-dominance, the B → K * γ decay amplitude can be expressed as inserting the complete set of possible intermediated vector meson states
where V = ψ, ρ, ω. Now we concretely consider the B → K * ψ → K * γ. Four diagrams as below contribute to the hadronic matrix element of K * ψ|H ef f |B (Fig.9) . The non-factorizable contributions (C) and (D) nearly cancel each other, so we neglect these contributions to the B → K * ψ matrix element and only consider factorizable contributions (A) and (B). Then the decay amplitude can be factorized into B → K * form factor and out-going ψ matrix element.
We define the decay constant as,
the decay amplitude can be written as
Here the a 1 (t) = C 1 (t) + C 2 (t)/3. The hadronic matrix element K * |sγ µ (1 − Separating transverse and longitudinal components of the B → K * ψ amplitude,sγ µ (1 − γ 5 )bǫ µ can be replaced by the gauge invariant form,
where q µ is the ψ momentum. However the q 2 of the real photon equal to zero, so the first term does not contribute. Then the transverse component can be separated by using the Gordon-Identity;
where p µ is the b quark momentum and q µ is the ψ momentum. If we consider the case that rest B meson decays into the K * and ψ in the back-to-back z direction, the transverse polarization vector of ψ can be written as ǫ T † µ = (0, 1, 0, 0) or ǫ T † µ = (0, 0, 1, 0), so the product p µ ǫ T † µ = q µ ǫ T † µ = 0, so only the second term can survive and couples to the transverse component of ψ. Eq.(58) can be rewritten as follows.
Furthermore this ψ propagates and converts to a photon. Defining 0 | eJ µ em | ψ = −i(2e/3) 0 |cγ µ c | ψ
where the real photon momentum is q 2 = 0.
The amplitudes for B → K * ω → K * γ can be computed in a similar manner. Differences with B → K * ψ → K * γ are the value of decay constant g ω (0) and the factor for the electromagnetic interaction.
However in the B → K * ρ → K * γ case, the ρ resonance peak is not so sharp, so the propagation of ρ meson generates the strong phase. If we write the meson propagator in the Breit-Wigner approximation,
where in this case q 2 = 0. In the ψ case, this ratio (Γ ψ /m ψ ) ≃ 2.5 × 10 −5 and we can neglect the imaginary part come from the mediated state. But for the ρ meson, (Γ ρ /m ρ ) ≃ 0.21 and it corresponds to ≃ 12 • strong phase.
In order to estimate these long-distance contributions, we have to know the decay constant g v . The decay constants are experimentally determined by the V → e + e − data [1] .
The decay width for V → e + e − decay can be written like Furthermore, these decay constant are defined at the q 2 = m 2 V energy scale. We need ones at q 2 = 0, so we have to extrapolate these decay constants from q 2 = m 2 V to q 2 = 0. We express g V (0)
as g V (0) = κg V (q 2 ) by using suppression factor κ. In the ψ cases, we take κ ≃ 0.4 [6] [7] , and in the ρ, ω cases, we take κ ≃ 1.0 [28] [29] . Then the long distance contributions mediated by ψ, ρ, ω are
and the formulas of the form factor F µν K * |sσ µν (1 + γ 5 )b | B are the same as O 7γ contribution. 
IV.1 Another diagrams for long distance contributions
Next we want to consider another contribution with different topology which exist only in the charged decay mode like B ± → K * ± γ (Fig.10) . If we neglect the non-factorizable contributions, there are four diagrams contribute to the hadronic matrix elements K * ± ρ(ω) | H ef f | B ± . We define the ρ or ω meson momentum P 3 = 1/ √ 2M B (1, 0, 0) and the spectator quark momentum fraction as x 3 .
V Numerical results
In the evaluation of the various form factors and amplitudes, we adopt G F = 1.16639 × 10 −5 GeV and charged decay (Tab.4) in unit of 10 −6 GeV 2 are as follows.
-0.95-11.70i -10.69 -3.98-1.64i 0.98+11.72i 10.69 Table 3 : B 0 → K * 0 γ atρ = 0.22,η = 0.35, ω B = 0.40.
-0.95-11.70i -10.69 2.80+2.81i 0.98+11.73i 10.69
0.45+0.98i 0.26+0.49i 0.01-0.08i -0.87-0.97i 0.10+0.08i Table 4 : B ± → K * ± γ atρ = 0.22,η = 0.35, ω B = 0.40.
The total decay amplitude can be expressed by using these components as
where all components include CKM factors. If we express K * and γ helicity as λ 1 , λ 2 , the combination which can contribute to the decay amplitude are A λ 1 ,λ 2 = A +,+ , A −,− , since B meson is spinless and photon is in real. Then the total decay width of B → K * γ is given by Figure 11 : CKM unitary triangle and the branching ratios for B → K * γ become as follows.
(80)
The theoretical errors mainly come from ω B uncertainty.
Next we want to extract the direct CP asymmetry. We take into account up to O(λ 4 ) about the CKM matrix components [1] ,
and the unitary triangle related to this decay mode should be crushed (Fig.11) . If we express each amplitudes M i as ξ i A i e iδ i where ξ i = V * ib V is /V * cb V cs , in order to separate weak phase and strong phase δ i , the decay amplitudes can be rewritten as
and the direct CP asymmetry can be expressed as follows.
Then its' values are
where the origins of its' errors are mostly CKM parameters and ω B uncertainties are largely canceled as we expected.
Finally, we want to estimate the isospin breaking effect.
This effect is caused by O 8g (Fig.4 ), c and u loop contributions (Fig-5) , O 1 ∼ O 6 annihilation (Fig.7) , and the long distance contributions mediated ρ and ω in charged mode ( in both neutral and charged decay (see Table 3 ,4). However its' size are different; the neutral mode's is larger than charged mode's. Then the sign of total isospin breaking effect becomes plus and its' value is as follows,
here it's error comes from ω B changing.
VI Conclusion
In this paper, we calculated the branching ratio, direct CP asymmetry, and isospin breaking effect within the standard model using pQCD approach. The results are in good agreement with experimental data [4] [5] . It is useful to compare our results with those existing in the literature. The decay amplitude can be obtained from the transition form factor
where P = P 1 + P 2 , q = P 1 − P 2 . Within the framework of pQCD, we obtain T K * 1 (0) = 0.25
+0.04
−0.03 and it is in agreement with T K * 1 (0) = 0.27 ± 0.04 [30] which is obtained by fitting the resulting branching ratio to experiment.
Above result can be compared with typical estimate in the light-cone QCD sum rule T K * 1 (0) = 0.38 ± 0.06 [31] , and the lattice QCD simulation T K * 1 (0) = 0.32
−0.02 [32] . Obviously these values of the form factor result in large branching ratios [33] [34] [35] . Also, it should be noted that T K * 1 (q 2 ) and other related form factors have been computed in the frame work of pQCD [37] . They obtained the central value as
The difference between our results and their's is the K * meson wave function. We take the new K * wave function parameters computed in Ref. [23] .
Note that we have also included the long distance contributions. If we neglect them, the branch- width amounts to about 10% and also it works to suppress the branching ratios. We also emphasize that we can calculate the annihilation contributions with pQCD approach, and these contribute to the total decay width which amount to about 5 ∼ 10%.
This analysis predicts around 0.5% direct CP asymmetry within the standard model, and is consistent with experiment [34] . If we neglect the long distance contributions, the asymmetries become 2 ) × 10 −2 . The long distance contributions don't seem to affect to these asymmetries. Also, annihilation contributions don't affect to these asymmetries.
The branching ratio of the neutral decay is bigger than that of the charged decay in spite of the difference of the lifetime between them. This effect is mainly caused by the 4-quark penguin operators
and it generates about 6% isospin breaking effect. This result is very similar to the conclusion of Ref. [8] .
B → K * γ decay, as we have first mentioned, is an attractive decay mode to test the standard model and search for new physics. In order to look for the new physics, we have to reduce the experimental errors. The error to the direct CP asymmetry must get smaller than 1%. That is to say, we need at least 20 times more data. This is not possible without the super B factory.
A Brief review of pQCD A.1 Divergences in perturbative diagrams
Here we want to review the k T factorization [11] . At higher order, infinitely many gluon exchanges must be considered. In order to understand the factorization procedure, we refer to the diagrams of 
Collinear divergence originates from the gluon momentum region which is parallel to the massless quark momentum,
In both cases, the loop integration correspond to d 4 l 1/l 4 ∼ log Λ, so logarithmic divergences are generated. It has been shown order by order in perturbation theory that these divergences can be separated from hard kernel and absorbed into meson wave functions using eikonal approximation [12] .
Furthermore, there are also double logarithm divergences in Fig-12 (a) and Fig-12 (b) when soft and collinear momentum overlap. These large double logarithm can be summed by using renormalization group equation and the exponentiates. This factor is called the Sudakov factor and also factorized into the definition of meson wave function [13] [14] [15] . The explicit expression for Sudakov factor is given by [14] (see Appendix B).
There are also ultraviolet divergences, and also another type of double logarithm which comes from the loop correction for the weak decay vertex correction. These double logarithm can also be factored out from hard part and grouped into the quark jet function. These double logarithms also should be resumed as the threshold factor [16] [17] . This factor decreases faster than any other power of x as x → 0, so it removes the end-point singularity. Thus we can factor out the Sudakov factor, the threshold factor, the ultraviolet divergences from hard part and grouped into meson wave Thus the amplitude can be factorized into perturbative part including a hard gluon exchange and non-perturbative part characterized by the meson distribution amplitudes, then the total decay amplitude can be expressed as the convolution;
here φ K * (x 2 , b 2 , t), Φ B (x 1 , b 1 , t) are meson distribution amplitudes contain the soft divergences come from quantum correction and H(x 1 , x 2 , b 1 , b 2 , t) is the hard kernel including finite piece of quantum correction, b 1 , b 2 are the conjugate variables to transverse momentum and x 1 , x 2 are the momentum fraction of spectator quarks.
A.2 Physical interpretation of Sudakov factor
In order to understand the Sudakov factor physically, first we consider QED. When a charged particle is accelerated, infinitely many photons must be emitted by the bremsstrahlung (Fig.13(a) ). Similar phenomenon occurs when a quark is accelerated; infinitely many gluons must be emitted. According to the feature of strong interaction, gluons can not exist freely so hadronic jet is produced. Then we observe many hadrons in the end if gluonic bremsstrahlung occurs. Thus the amplitude for an exclusive decay B → K * γ is proportional to the probability that no bremsstrahlung gluon is emitted. This is the Sudakov factor and it is depicted in Fig.15 . As seen in Fig.15 , the Sudakov factor is large for small b and Q. It is small when either b or Q is large. Large b implies that the quark and anti-quark pair is separated which in turn implies less color shielding (see Fig.14) . Similar absence of shielding occures when b quark carries most of the momentum while momentum fraction of spectator quark x in the B meson is small.
Then the Sudakov factor suppress the long distance contributions for the decay process and gives the effective cutoff about the transverse direction [15] [18] . In short, the Sudakov factor correspond to the probability for emitting no photons. According to this factor, the property of short distance is guaranteed. 
B Some functions
The expressions for some functions are presented in this appendix. In our numerical calculation, we use the leading order α s formula.
The explicit expression for Sudakov factor s(t, b) = is given by [14] s(t, b) = 
Threshold factor is expressed as below [16] [36], and we take the value c = 0.4.
S t (x) = 2 1+2c Γ(3/2 + c)
C Wave functions
For the B meson wave function, we adopt the model
φ B (x 1 , b 1 ) = dk 
where N c is the color number.
We use the K * meson wave function determined by the light-cone QCD sum rule [22] [23]
